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T
he isolation of rare cells in periph-
eral blood such as circulating tumor
cells (CTCs) is highly important but

challenging.1�3 CTCs are cancer cells shed
from either primary tumors or metastatic
sites and are highly related to the initiation

of metastasis and the spread of cancer to

distant organs. Thus CTCs hold the key for

understanding metastasis, diagnosing can-

cer, andmonitoring treatment response.4�6

However, the extraordinary rarity of CTCs

makes their isolation and characterization

technically challenging. Traditionally, meth-

ods based on flow cytometry have been

used in clinics, but with a considerable

number of false negatives and low detec-

tion sensitivity.7,8 The only FDA-approved

CTC enumeration method is CellSearch As-

say, which uses antibody-coated magnetic

beads for CTC isolation. However, it suffers

from low CTC-capture efficiency.9,10 Re-
cently, microfluidic devices withmonovalent

capture ligands, including antibodies11�15

and nucleic acid aptamers,16�18 have been

extensively used for immunocapture of rare
tumor cells. However, most efforts for in-

creasing the sensitivity of cell capture are
based on engineering complicated struc-

tures inside the microfluidic devices, such
as microposts, sinusoidal channels, and sili-

con nanopillars, for enhancing ligand�cell

interactions.19�23 These structures make the

device fabrication time-consuming and in-

duce significant nonspecific cell capture,

causing low specificity.
Herein, we have investigated the use of

nanotechnology-based multivalent bind-
ing to enhance cell capture in microfluidic
devices. Multivalent binding, the simulta-
neous interaction of multiple ligands on
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ABSTRACT Isolation of circulating tumor cells (CTCs) from

peripheral blood or cancer cells from bone marrow has significant

applications in cancer diagnosis, therapy monitoring, and drug

development. CTCs are cancer cells shed from primary tumors; they

circulate in the bloodstream, leading to metastasis. The extraordin-

ary rarity of CTCs in the bloodstream makes their isolation a

significant technological challenge. Herein, we report the develop-

ment of a platform combining multivalent DNA aptamer nano-

spheres with microfluidic devices for efficient isolation of cancer cells from blood. Gold nanoparticles (AuNPs) were used as an efficient platform for

assembling a number of aptamers for high-efficiency cell capture. Up to 95 aptamers were attached onto each AuNP, resulting in enhanced molecular

recognition capability. An increase of 39-fold in binding affinity was confirmed by flow cytometry for AuNP�aptamer conjugates (AuNP�aptamer) when

compared with aptamer alone. With a laminar flow flat channel microfluidic device, the capture efficiency of human acute leukemia cells from a cell

mixture in buffer increased from 49% using aptamer alone to 92% using AuNP�aptamer. We also employed AuNP�aptamer in a microfluidic device with

herringbone mixing microstructures for isolation of leukemia cells in whole blood. The cell capture efficiency was also significantly increased with the

AuNP�aptamer over aptamer alone, especially at high flow rates. Our results show that the platform combining DNA nanostructures with microfluidics has

a great potential for sensitive isolation of CTCs and is promising for cancer diagnosis and prognosis.
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one entity with the complementary receptors on an-
other, has been widely used for achieving high-affinity
molecular recognition in biological processes.24�28

The multivalency-enhanced binding between the li-
gands and targets in those biological systems has been
extensively investigated.29�31 To achieve multivalent
binding, scaffolds from numerous nanoscale structures,
such as dendrimers,32,33 nanorods,34 nanoparticles,35

polymers,36 and proteins, have been used by researchers
for assembling multiple ligands, and dendrimer-
mediated multivalent binding has been used for en-
hanced surface capture of cells.33 Recently, nucleic acid
aptamers have been selected for targeting numerous
cancers,37,38 and nanomaterial�aptamer conjugates
have been extensively used for enhanced molecular
recognition, but none of them have been used for
enhancing capture of cancer cells.39�43 Here, we hy-
pothesize that the nanoparticle�aptamer conjugates
could greatly improve the efficiency of capturing cancer
cells. We chose gold nanoparticles (AuNPs) as the multi-
valent ligand scaffolds to assemble multiple DNA apta-
mers (DNA nanospheres) owing to their easy synthesis
and conjugation with DNA.44,45 Our flow cytometric
analysis demonstrated the multivalent binding between
aptamers and cells through AuNP conjugation. Then we
developed a flat channel microfluidic device that is able
to capture cancer cells from buffer or lysed blood with
high efficiency and high throughput using the AuNP�
aptamer conjugates (AuNP�aptamer). The enhanced
binding affinity affordedby theAuNP�aptamer-modified
surface significantly increased the capture efficiency of
target cancer cells, and the AuNP�aptamer maintained

high capture efficiency with increased flow rate, which
considerably improved the sample throughput of the
microfluidic device.
The scheme of the AuNP�aptamer-mediated cell

capture is shown in Figure 1. The microfluidic device
surface is first coated with avidin by physical adsorp-
tion.16,18 Then, biotinylated aptamer-conjugated AuNPs
are immobilized onto the channel through biotin�
avidin interaction. When a sample containing target
cancer cells passes through the channel, cells are cap-
tured via the specific interaction between the aptamers
and the target cell receptors. Since each AuNP is con-
jugated with ∼95 aptamers, we hypothesize that the
AuNP�aptamer binds to cell surface markers in a
cooperative manner, leading to a multivalent effect and
resulting in enhanced cell capture efficiency. Besides the
multivalent binding, the AuNP�aptamer-modified sur-
face increases the surface roughness23 and allows en-
hanced local topographic interactions between the
AuNP�aptamers and nanoscale receptors on the cell
surface,21,46,47 contributing to the increased cell capture.

RESULTS AND DISCUSSION

Synthesis and Characterization of AuNP�Aptamer Conju-
gates. AuNPs were prepared following the methods
detailed in the Methods section. Figure 1c shows the
transmission electron microscopy (TEM) image of the
AuNPs, with an average diameter of 13.6 nm. The as-
prepared AuNPs were then functionalized with thiol-
modified DNA aptamers, and the TEM image is shown
in Figure 1d, with an average size of 13.7 nm. A 24-unit
polyethylene glycol (PEG) spacer between the AuNP

Figure 1. (a, b) Illustration of enhanced cell capture using AuNP�aptamer-modified surface. With AuNP conjugation (a),
multiple aptamers on the AuNP surfaces bind with multiple receptors on the cell membrane, leading to cooperative,
multivalent interactions.Without AuNP (b), aptamer alone binds with receptors viamonovalent interaction, withmuch fewer
interactions. (c, d) Transmission electronmicroscopy (TEM) imageof AuNPs (c) andAuNPs conjugatedwith aptamers (d); scale
bar = 100 nm. (e) Comparison between AuNP and AuNP�aptamer in terms of particle diameters from TEM images,
hydrodynamic diameters from dynamic light scattering (DLS) measurements, and zeta-potential measurements.
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surface and the aptamers was added to minimize the
steric effects of the particle surface on the aptamers
and to increase the loading of DNA on AuNPs.48

Figure 1c and d show that the properties of AuNPs
remained unchanged after conjugation with aptamers,
without any aggregation. Dynamic light scattering
(DLS) measurements showed that the hydrodynamic
diameter of AuNPswas 17.4 nm. After conjugationwith
aptamers, the hydrodynamic diameter increased to
61.8 nm, demonstrating the successful conjugation of
aptamers onto AuNPs (Figure S1 in the Supporting
Information). Zeta-potential measurements indicated
that the AuNPs had a zeta-potential of �12.5 mV. After
modification with aptamers, the zeta-potential became
�23.2 mV, which is attributed to the negative charges
carried by DNA aptamers. The comparison of properties
betweenAuNPsandAuNP�aptamers ismade inFigure1e.

Flow Cytometric Analysis Demonstrating High-Affinity Binding.
To investigate the AuNP�aptamer-mediatedmultivalent
binding, we directly measured the binding behaviors of
AuNP�sgc8 aptamer conjugates (AuNP�sgc8) and free
sgc8 aptamer (sgc8) using flow cytometry. Sgc8 is an
aptamer that has specific binding with CEM cells (human
acute lymphoblastic leukemia), with a nanomolar (nM)

dissociation constant (Kd).
37 Ramos cells (human Burkitt's

lymphoma), which do not bind with sgc8 aptamer, were
used as control cells here. Figure 2a shows a noticeable
increase in fluorescence signal for both AuNP�sgc8 and
free sgc8 aptamer compared to the random DNA library
(Lib) and AuNP�Lib, proving that both have strong
binding with their target cells. Besides, AuNP�sgc8 pro-
duces a higher fluorescence signal than free sgc8, even
with 10 times lower concentration. As shown in Figure 2b,
neither free sgc8 nor AuNP�sgc8 shows a signal increase
when incubated with control Ramos cells, demonstrating
thespecificityofboth freeaptamers andAuNP�aptamers.
Furthermore, the binding affinity of sgc8 and AuNP�sgc8
to CEM cells was measured quantitatively by studying
their binding with varying concentrations of sgc8 and
AuNP�sgc8 aptamers. As demonstrated in Figure 2c and
d, AuNP�sgc8 shows a 39 times higher binding affinity
(Kd = 0.10 ( 0.02 nM) than that of free sgc8 (Kd = 3.9 (
0.5 nM). The lower dissociation constant of AuNP�sgc8
suggests amultivalent-mediatedenhancement inbinding
affinitywhenmultiple aptamers on theAuNP surface bind
to multiple receptors on the cell membrane.

Enhanced Cancer Cell Capture in a Flat Channel Microdevice.
To study the cancer cell capture using AuNP�aptamer,

Figure 2. Flow cytometry shows the strong and specific binding of AuNP�sgc8 aptamer conjugates (AuNP�sgc8)with target
CEM cells. (a) CEM cells selectively bind with free sgc8 and AuNP�sgc8 aptamers; negligible signal change was observed for
cells incubatedwith randomDNA library (Lib) or AuNP�Lib conjugates (NP�Lib) comparedwith cells only. (b) Control Ramos
cells did not bind with either AuNP�sgc8 or sgc8 alone (with no signal shift for either case), demonstrating the specificity of
free sgc8 andAuNP�sgc8 aptamers to CEMcells. (c, d) Flow cytometry analysis determines the binding affinity of AuNP�sgc8
(c) and sgc8 alone (d) to CEM cells.
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we first developed a microfluidic laminar flow device
with flat channels (Figure S2b), which allowed us to
directly compare the capture performance between
AuNP�aptamer and aptamer alone. After coating sur-
faces with AuNP�sgc8 aptamer, a cell mixture contain-
ing 105 target CEM cells and 106 control Ramos cells
(1:10 ratio) in 1 mL of phosphate-buffered saline (PBS)
was introduced into the channel. Note that the cell
solution was continuously pumped into the device
without any interruption. CEM and Ramos cells were
prestained with Vybrant DiI (red) and DiD (blue),
respectively. Figure 3a shows a representative image
of cells captured using AuNP�aptamer: a high percen-
tage of target CEM cells (red) were captured, while
most control Ramos cells (blue) were washed away. In
another set of experiments with the same conditions,
sgc8 alone was used instead of AuNP�sgc8. Figure 3b
shows a typical imageof cells capturedafterwashingusing
aptamer alone (without the nanoparticle conjugation). The
results in Figure 3a and b clearly indicate thatmuchmore
target CEM cells were captured using AuNP�aptamer

than with aptamer alone, demonstrating that enhanced
cell capture was achieved by the AuNP conjugation. The
capture efficiency using AuNP�aptamer and aptamer
alone was also studied at different flow rate conditions
(with different shear stresses). We found that AuNP�
aptamer exhibited more enhancement in capture effi-
ciency at higher flow rates, as shown in Figure 3c. At a
flow rate of 1.2 μL/s, AuNP�aptamer maintained a
capture efficiency of (92 ( 4)%, while aptamer alone
yielded a capture efficiency of only (49 ( 6)%. The
capture efficiencywas defined as the ratio of the number
of target cells captured to the number of target cells
initially seeded. The AuNP�aptamer enables significant
increase in capture efficiency for the target cells. We also
studied the purity of the captured cells and found that
the capture purity is not affected by the AuNP conjuga-
tion. The purity was defined as the ratio of the number of
target cells captured to the number of total cells cap-
tured. As shown in Figure 3d, similar purity was obtained
for AuNP�aptamer and aptamer alone when the same
flow rate was used; this suggests that AuNP�aptamer

Figure 3. (a, b) Representative image of the target CEM cells (red) and control Ramos cells (blue) captured in the flat channel
device using (a) AuNP�sgc8 aptamer conjugates and (b) sgc8 aptamer alone. Cell suspensions were continuously pumped
into the device without interruption. (c) Comparison of CEM cell capture efficiency in PBS between AuNP�aptamer and
aptamer alonewhen theywere coated in a flat channel device, at flow rates from0.4 to 2.4 μL/s. (d) Comparison of the capture
purity of target CEM cells between AuNP�aptamer and aptamer alone at the same flow rate; no significant difference was
observed. Error bars represent standard deviations (n = 3).
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does not introduce more nonspecific binding relative to
aptamer alone, which is consistent with flow cytometry
results in Figure 2b. However, the AuNP�aptamer allows
us to use higher flow rates to maintain the capture
efficiency. Higher purity can thus be obtained because
nonspecifically adsorbed cells are more easily washed
away with a stronger shear force at a higher flow rate.18

Figure S3 demonstrates that the purity of captured cells
was improved by the increasing flow rates with propor-
tionally increased shear stresses.

In addition to theDNAnanosphere-mediatedmulti-
valent binding, the enhanced cell capture also accrues
from the nanosphere-modified surface. The increases
in the surface roughness and total surface area com-
pared with the plain surface allowed enhanced local
topographic interactions between the aptamer-coated
nanoparticle and nanoscale components on the cell
surface.46 Moreover, the nanoparticle surfaces packed
the aptamers in a highly dense manner, accommodat-
ing more aptamers to be immobilized than a plain
surface, which is an additional advantage of using
AuNP�aptamer. The increased ligand density also
contributes to the enhanced interaction between cells
and aptamers. Furthermore, the enhanced binding
strength afforded by the multivalency effect lowers
the detachment ratio of immobilized cells, thus in-
creasing the capture efficiency compared to aptamer

alone. To evaluate the versatility of our system, we also
applied the system for capturing Ramos cells using
AuNP�TD05 aptamer conjugates. TD05 is an aptamer
with specific binding to Ramos cells.49 A capture
efficiency of 90% was obtained with AuNP�TD05,
while TD05 aptamer alone yielded only 41% capture,
showing significant enhancement in capture efficiency
as a result of using DNA nanospheres.

The reduced capture efficiency at higher flow rates
(shown in Figure 3c) is due to increased flow-induced
shear stress and the decreased interaction time be-
tween cells and aptamers on surfaces. We further
characterized the distribution of captured cells at
different locations of the 50 mm long microchannel
with different flow rates. As shown in Figure 4a, at a
flow rate of 1.2 μL/s (with a shear stress of 0.4 dyn/cm2),
65% of the cells were captured in the first 25% of the
channel coated with AuNP�aptamer. With an in-
creased flow rate of 2.4 μL/s (Figure 4b), the cells
captured were distributed along the channel because
cells needed a longer flow distance (travel length) to
have an opportunity to interact with aptamers coated on
the surfaces, and the attached cells experienced propor-
tionally increased shear stresses. The cell�surface inter-
action is due to the ligand�receptor binding as well as
gravitational force. With the AuNP conjugation, the PEG
spacer extends the aptamer strands into the 3D space of

Figure 4. (a, b) Spatial distribution of surface-captured CEM cells along the 50 mm long microchannel in the flat channel
device at different flow rates of (a) 1.2 μL/s and (b) 2.4 μL/s. (c) Capture efficiency for 100000, 10 000, 1000, and 100 CEM cells
spiked in 1mLof lysedblood,with aflow rate of 1.2μL/s. (d) CEMcell capture efficiency from lysedbloodorwhole blood at the
same flow rate (1.2 μL/s); 1000 CEM cells were spiked in 1mL of lysed blood or whole blood. Error bars represent the standard
deviations of triplicate experiments.
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the flow, increasing the accessibility and frequency of
interactions between aptamers and cells to permit more
efficient cell capture under higher flow rates.

To explore the clinical utility of the system, we
assessed the isolation of CEM cells from lysed blood
(blood with red blood cells lysed) at concentrations
ranging from 105 to 100 cells/mL. As shown in
Figure 4c, as few as 100 cells were efficiently isolated
from 1 mL of lysed blood within 14 min. However,
when we tried to capture cancer cells from unpro-
cessed whole blood directly, the capture was signifi-
cantly lower (even at a low flow rate), as shown in
Figure 4d. The relatively low capture was primarily due
to the reduced interaction chances between target
cells and AuNP�aptamer, which is caused by abun-
dant red blood cell blockage.

Efficient Isolation of Cancer Cells from Whole Blood Using
DNA Nanospheres in Micromixer Devices. Although the lami-
nar flow flat channel device achieved high efficiency
when capturing cells in PBS or lysed blood, it showed a
low capture efficiency (<60%) when capturing
cells from whole blood. To enable the efficient capture
of CTCs from whole blood, we integrated the AuNP�
aptamer system into a herringbone groove-based
micromixer device (Figure 5a). The staggeredherringbone

mixer generates a microvortex and chaotic mixing
inside the microchannel, which significantly enhances
the cell�surface interactions, leading to higher capture
efficiency.12,22,50 We first evaluated the isolation of 104

CEM cells (prestained by DiI, red) spiked in 1 mL of
whole blood at a flow rate of 1 μL/s. After cell capture
and rinsing, 4,6-diamidino-2-phenylindole (DAPI) was
introduced into the device to test the purity of the
target cells. DAPI stained all the cancer cells and
leukocytes with a blue color and verified that captured
cells retain intact nuclei. As shown in Figure 5b, cells
positive to both DAPI and DiI were target CEM cells
(blue merged with red), while cells positive to DAPI
only were white blood cells (blue only). A purity of
(70( 6)%was obtainedwhen capturing CEM cells from
whole blood, with a capture efficiency of (95 ( 3)%.
This capture purity from whole blood is much higher
than those reported in the literature (∼50% and
14%).11,12 Further, we tested the capture efficiency
over a wide range of flow rates from 0.5 to 3 μL/s.
Control experiments using identical devices and con-
ditions with aptamer alone (no AuNP conjugation)
were then conducted. Much higher capture efficien-
cies were obtained using AuNP�aptamer than apta-
mer alone, especially at high flow rates (Figure 5c). The

Figure 5. (a) Device layout and dimensions of a microfluidic device containing herringbonemixers. (b) Representative image
of captured CEM cells (DiIþ, DAPIþ) from whole blood; the DAPIþ cells (blue only) are nonspecifically captured white blood
cells. (c) CEM cell capture efficiency in whole blood at various flow rates using AuNP�aptamer, aptamer alone, and anti-PTK7
antibody, respectively. (d) Calibration plot of cancer cell capture from whole blood and lysed blood with different cell
concentrations at 1.5 μL/s; solid lines represent linear fitting. Error bars represent standard deviations (n = 3).
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combined effect of high-affinity binding from the
AuNP�aptamer with the passive mixing provided by
the herringbone structures enabled a high capture
efficiency from whole blood (93%) at a high flow rate
(1.5 μL/s). To compare the AuNP�aptamer-based cell
capture with traditional antibody-based cell capture,
protein tyrosine kinase 7 (PTK7) antibody was used for
capturing CEM cells with identical device and condi-
tions. For the binding between CEM cells and sgc8
aptamer, our previous study identified PTK7 as the
marker for CEM cells.51 As shown in Figure 5c, the
capture efficiency of CEM cells using anti-PTK7 is
comparable with aptamer alone, but significantly less
thanAuNP�aptamer. To test the limit of detection for the
AuNP�aptamer-based cell capture system, cell spike
numbers from 105 to 100 were explored, and >90%
capture efficiency was obtained for all cases at the flow
rate of 1.5 μL/s. Regardless of whether the red blood cells
are intact or lysed, high capture efficiency is always
obtained by the integration of AuNP�aptamer with a
herringbone mixer (Figure 5d). In addition, with a flow
rate of 1.5 μL/s (5.4 mL/h), 1 mL of blood sample can be
processed in 11 min, which gives sufficient throughput
for clinical applications. The system givesmore benefit at
higher flow rates and maintains a target cell capture
efficiency of >75% for all flow rates up to 3 μL/s. With this
flow rate, only 42 min is needed for processing 7.5 mL of
blood, the amount of blood needed to detect a clinically
relevant CTCnumber. Comparedwith reportedwork, this
AuNP�aptamer-modified mixer device enables >90%
capture at a flow rate of 5.4 mL/h, 2- to 4-fold higher
than the reported aptamer-alone-based micropillar de-
vice (2.2 mL/h)18 and antibody-coated herringbone de-
vice (1.2 mL/h).12 The results show that the AuNP�
aptamer-modified herringbone device has great poten-
tial for clinical CTC isolation and enumeration.

CONCLUSIONS

In summary, we demonstrated the use of gold
nanoparticles as an efficient high-affinity vehicle for
molecular assembly of aptamers for target cancer cell
capture in microfluidic devices. Up to 95 aptamers
were attached onto each AuNP, resulting in enhanced

aptamer molecular recognition capability. Flow cytome-
try results demonstrated the high-affinity binding effect
using AuNP�aptamer conjugates. The capture efficiency
for target cancer cells was significantly increased using
the AuNP�aptamer conjugates because of the coopera-
tive, multiple ligand�receptor interactions, as well as the
increased surface roughness and ligand density.With the
AuNP�aptamer surface immobilization, a flat channel
microfluidic device was able to capture 100 cancer cells
from 1 mL of lysed blood with ∼90% capture efficiency
within 14 min (4.3 mL blood/h). Using the integration of
the AuNP�aptamer with a herringbone mixer design,
efficient capture of rare cancer cells from whole blood
was achieved, with a throughput of processing 1 mL of
blood in 11 min. The high efficiency, throughput, and
purity make the system suitable for clinical isolation of
CTCs from patient blood.
The use of leukemia cell-targeting aptamers allows

the platform to be suitable forminimal residual disease
(MRD) detection. MRD is the small amount of leukemia
cells remaining in patient blood during or after treat-
ment when the patient is in remission, which is the
major cause of cancer relapse.52,53 Our system, capable
of efficient isolation of rare cells, is suitable for sensitive
detection of MRD, which will be promising for mon-
itoring treatment response and predicting cancer re-
lapse. However, aptamers are currently not as widely
used as antibodies, and limited numbers of aptamers
havebeendeveloped for targetingCTCs in patient blood.
Our future efforts will include incorporating AuNPs with
CTC-marker-binding aptamers [e.g., anti-EpCAM aptamer
(epithelial cell adhesion molecule),54 anti-PSMA aptamer
(prostate-specific membrane antigen)]55 for capturing
CTCs from cancer patients, as well as exploring the
release and culture of captured CTCs.
Spherical DNA nanostructures have beenwell devel-

oped and widely used for cancer cell detection; how-
ever, to our knowledge, this is the first use of aptamer
nanospheres for enhancing cancer cell capture. Our
results show that the combination of nanotechnology
with a microfluidic device56 has great potential for the
sensitive isolation of cancer cells from patient blood
and is promising for cancer diagnosis and monitoring
treatment response.

METHODS

Synthesis and Characterization of Gold Nanoparticle�Aptamer Con-
jugates. Hydrogen tetrachloroaurate(III) (HAuCl4), trisodium
citrate dihydrate, tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), tris(hydroxymethyl)aminomethane (Tris), and sodium
acetate were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Acetate buffer (500 mM, pH 5.2) was prepared using a mixture
of sodium acetate and acetic acid. Tris acetate buffer (500 mM,
pH 8.2) was prepared using Tris and acetic acid.

AuNPs were prepared using the protocols reported
previously.57 Briefly, 100 mL of 1 mM HAuCl4 solution was
heated to reflux. Then, 10 mL of 38.8 mM sodium citrate was

added, and refluxwas continued for another 20min. The diameter
of such prepared AuNPs was ∼13 nm, measured by transmission
electron microscopy (TEM). The concentration of the AuNPs was
∼13 nM, determined by UV�vis measurement at 520 nm using a
Cary Bio-300 UV spectrometer (Varian) (Figure S4).

DNA aptamers were synthesized in-house. The thiol-mod-
ified sgc8 aptamer sequence was 50-thiol- PEG-ATC TAA CTG
CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GA-biotin-30 .
The sequences of all aptamers used are listed in Table S1. For
flow cytometric analysis, a fluorescein isothiocyanate (FITC)
modifier was used to replace the biotin linker. All DNA aptamers
werepurified using a ProStar HPLC (Varian,Walnut Creek, CA, USA)
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with a C18 column (Econosil, 5U, 250 � 4.6 mm) from Alltech
Associates (Deerfield, IL, USA), with triethylammonium acetate�
acetonitrile as eluent. DNA concentration was determined by
UV�vis measurement at 260 nm.

Thiol-modified aptamers were conjugated on AuNPs using
the reported protocols.48,57,58 Aptamers (9 μL, 1 mM) were
added with acetate buffer (1 μL, 500 mM) and TCEP (1.5 μL,
10 mM) and incubated for 1 h at room temperature to activate
the thiol group. Then the TCEP-treated aptamer was added to
3 mL of as-prepared AuNPs and incubated for 16 h. Finally, Tris
acetate buffer (30 μL, 500 mM) and NaCl (300 μL, 1M) were
added, and the mixture was incubated for 24 h. Unconjugated
aptamers were then removed by centrifugation at 14 000 rpm
for 15 min.

The aptamer concentration in the supernatant was mea-
sured, and the final conjugated aptamer concentration in the
AuNPs was determined by subtracting the supernatant con-
centration from the previous aptamer concentration. The final
AuNP concentration was 12.7 nM with an aptamer concentra-
tion of 1.2 μM, giving an average of approximately 95 aptamers
on each AuNP. Dynamic light scattering measurement was
performed to evaluate the hydrodynamic diameter of the
AuNPs before and after conjugation with aptamers using a
Zetasizer Nano ZS (Malvern, Worcestershire, United Kingdom)
(Figure S1). Zeta-potential measurements were performed
using the same instrument. Fluorescence spectroscopy
(Figure S5) also demonstrated the successful conjugation of
aptamer on the AuNP. The fluorescence signal of each
AuNP�aptamer conjugate is much higher than that of an
individual aptamer.

Device Design and Fabrication. A single flat channel device was
initially used for proof-of-concept studies, and then eight flat
channelswere parallelized to form ahigh-throughput device. As
shown in Figure S2a, the single flat channel device was de-
signed with a length of 50 mm, a width of 2 mm, a depth of 100
μm, and a single inlet and outlet. Three independent devices
can be incorporated within one microscope slide size (3 in. � 1
in.). To increase the throughput, eight channels were connected
through parallelization, and uniform flowwasmaintained in the
eight channels. The size of the high-throughput device is also 3 in.
� 1 in., as shown in Figure S2b. Both of the devices were made
of polydimethylsiloxane (PDMS) and bonded to a 3 in. � 1 in.
glass slide.

PDMS devices were fabricated according to the procedures
reported by Whitesides' group.59 The layout of the device was
designed in AutoCAD and then sent to CAD/Art Services, Inc.
(Bandon, OR, USA) to produce a high-resolution transparency
photomask. Silicon wafers (Silicon Inc., Boise, ID, USA) were first
spin-coated with SU-8 2035 photoresist (MicroChem, Newton,
MA, USA) using a spin coater (Laurell Tech., North Wales, PA,
USA). Then the pattern on the photomaskwas transferred to the
silicon substrate via UV exposure. After development, a silicon
master patterned with the complementary structures was
obtained. PDMS devices were fabricated by casting a liquid
PDMS precursor against the master using Sylgard 184 reagents
(Dow Corning, Midland, MI, USA) according to the instructions
of the manufacturer. To prevent the cured PDMS from sticking
to the siliconmaster, TFOCS (tridecafluoro-1,1,2,2-tetrahydrooctyl-
1-trichlorosilane) (Sigma-Aldrich) was vacuum vaporized to the
surface of the master. The channel depth, which was controlled
by the spin speed of the SU-8, was measured using a Dektak
150profilometer. The PDMS substratewas then sealedwith aglass
microscope slide, and inlet and outlet wells were created at the
channel ends by punching holes in the PDMS sheet.

The design of the herringbonemixer device was inspired by
several works in the literature,12,50 and the dimensions were
chosen for optimal cell capture, as shown in Figure 5a. Themixer
device was fabricated as described above, but using a two-layer
SU-8 fabrication technique, with two coating and exposure
steps and a single developing step.60 The silicon mold consists
of a first layer as the main channel and the second layer as the
herringbone ridges, which become grooves after transfer to the
PDMS substrate.

Cell Lines and Buffers. T-cell human acute lymphoblastic leu-
kemia cells (CCRF-CEM cells, CCL-119) and B-cell human

Burkitt's lymphoma cells (Ramos cells, CRL-1596) were pur-
chased from American Type Culture Collection (ATCC). CEM
and Ramos cells were cultured in RPMI medium 1640 (ATCC)
supplemented with 10% fetal bovine serum (FBS; heat-inactivated;
Gibco) and 100 units/mL penicillin�streptomycin (Cellgro, Mana-
ssas, VA, USA). Both cultures were incubated at 37 �C under a 5%
CO2 atmosphere. Dulbecco's phosphate-buffered saline with cal-
cium and magnesium (PBS) (Fisher Scientific, Hampton, NH, USA)
was used to wash cells. A solution of 50mg/mL (5%) bovine serum
albumin (BSA) (Fisher) and 0.1% Tween-20 (Fisher) in PBSwas used
for rinsing the unboundmolecules on the surface and resuspend-
ing cells for the cell capture. BSA and Tween-20 in PBS can fully
passivate the surfaces to reduce nonspecific adsorption of cells in
the channel.

Flow Cytometric Analysis. Flow cytometry was used to evaluate
the targeting capabilities of AuNP�aptamer conjugates toward
specific cells. Fluorescence measurements were made with a
FACScan cytometer (BD Immunocytometry Systems, San Jose,
CA, USA). Briefly, 200 000 cells were incubatedwith FITC-labeled
free aptamer or AuNP�aptamer conjugates in 200 μL of PBS
(containing 0.1% BSA) for 30 min on ice. After incubation, the
cells were washed three times by centrifugation with 200 μL of
PBS, and 10 000 counts were measured in the flow cytometer to
determine the fluorescence. Varying concentrations of free sgc8
and AuNP�sgc8 aptamers were used to determine their bind-
ing affinities. The FITC-labeled random DNA library was used as
a negative control to determine nonspecific binding. All of the
experiments for the binding assay were repeated three times.
The mean fluorescence intensity of target cells labeled by
aptamers was used to calculate the specific binding by sub-
tracting the mean fluorescence intensity of nonspecific binding
from the random DNA library.37 The equilibrium dissociation
constants (Kd) of the aptamer�cell interactionwere obtained by
fitting the dependence of fluorescence intensity of specific
binding on the concentration of the aptamers to the equation
Y = BmaxX/(Kdþ X) using SigmaPlot (Jandel, San Rafael, CA, USA),
where Y is the fluorescence intensity and X is the concentration
of aptamers.

Cell Capture Assay in Microfluidic Devices. Immediately before cell
capture experiments, cells were washed with PBS and resus-
pended at 106 cells/mL. By following the manufacturer's in-
structions, CEM and Ramos cells were stained with Vybrant DiI
(red) andDiD (blue) cell-labeling solutions (Invitrogen, Carlsbad,
CA, USA), respectively, then washed with PBS, and resuspended
at 107 cells/mL in the PBS containing BSA and Tween-20.
Labeled cells were stored on ice and further diluted to the
desired concentrations before cell capture.

The single donor human whole blood was obtained from
Innovative Research (Novi, MI, USA), with the anticoagulant
ethylenediaminetetraacetic acid (EDTA). Lysed blood was ob-
tained by treating whole blood with red blood cell lysing buffer
(Sigma-Aldrich) (containing NH4Cl) according to the manufac-
turer's instructions. Different concentrations of CEM cells were
then spiked in whole blood or lysed blood.

To start the cell capture experiments, one device volume
(∼100 μL) of 1 mg/mL avidin (Invitrogen) in PBS was first
introduced into the device, followed by incubation for 15 min
and then three rinses with PBS. Then, 100 μL of sgc8 aptamer or
AuNP�sgc8 aptamer was introduced into the device and incu-
bated for 15min, followed by three rinses with the PBS containing
BSA and Tween-20. Finally, 1 mL of cell mixture or blood sample
spikedwith cancer cells was continuously pumped into the device
at a flow rate of 1.2 μL/s (or other flow rates specified in the text).
For cell capture using antibody, anti-PTK7 biotin (Miltenyi Biotec,
Auburn, CA, USA) was used instead of sgc8 or AuNP�sgc8
aptamer. Afterward, the device was washed three times with
PBS to remove nonspecifically captured cells, followed by acquir-
ing fluorescent images to determine the cell numbers. To test the
purity of captured cells from lysed blood or whole blood, DAPI
(Invitrogen) was introduced into the device to label the nonspe-
cifically captured white blood cells. By following the manufac-
turer's instructions, 300 nM DAPI was incubated with cells for 10
min, followed by rinsing with PBS.

The cell suspensions or blood samples were introduced into
the device by pumping.18 A Micro4 syringe pump (World
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Precision Instruments, Sarasota, FL, USA) with a 1 mL syringe
was connected to the inlet of the device via polymer tubing and
a female luer-to-barb adapter (IDEX Health & Science, Oak
Harbor, WA, USA). To avoid cell settling, a tiny magnetic stirring
bar was placed inside the 1mL syringe, with a stir plate beneath
the syringe. The magnetic stirring bar kept cells in suspension
while the cell mixture or blood was being pumped through the
device. The device was placed on the stage of an Olympus IX71
fluorescence microscope (Olympus America, Melville, NY, USA)
for detecting captured cells. To determine cell numbers, sets of
images corresponding to the red fluorescent cells, blue fluor-
escent cells, and transmission imageswere acquired at different
positions in each channel. Images were then imported into
ImageJ (NIH), and cell counts were obtained using the Analyze
Particles function after setting an appropriate threshold. Cell
counts were further confirmed by comparing fluorescent
images with transmission images; only those with appropriate
cell morphology in the transmission images were counted.
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